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In  the  present  work,  the  dynamic  behavior  of  a  PEM  fuel  cell  under  CO-poisoning  and  the  effects  of  air 
bleeding  on  the  recovery  ratio  are  reported.  Pt-Ru  catalyst  is  used  as  the  anode  in  a  single  cell  and  the 
hydrogen  is  pre-mixed  with  53  ppm  of  CO  as  the  fuel.  The  result  indicates  that  even  using  a  CO-tolerant 
catalyst,  CO-poisoning  cannot  be  avoided  with  the  operating  conditions  in  our  study.  About  80%  of  the 
output  current  is  lost  within  20  min.  Upon  anode  air  bleeding  with  5%  air,  90%  of  the  current  is  recovered 
within  1  min.  Higher  air  bleeding  ratio  only  results  in  minor  improvement  of  the  cell  performance.  We 
have  developed  a  transient  model  to  estimate  the  current  reduction  due  to  CO-poisoning  and  to  evaluate 
the  amount  of  air  bleeding  needed  for  a  given  recovery  ratio.  A  long-term  durability  test  has  also  been 
conducted  using  simulated  reformatted  gas,  in  which  1%  O2  is  injected  into  the  fuel  stream.  After  more 
than  3000  h,  the  cell  voltage  degradation  is  less  than  3%. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  proton-exchange  membrane  (PEM)  fuel  cell  has  superior 
performance  over  other  types  of  fuel  cells.  Its  applicability  in  sta¬ 
tionary  power  generation,  mobile  power  for  electrical  vehicles,  and 
portable  power  for  notebook  PCs  and  other  electronic  devices  has 
been  successfully  demonstrated.  The  PEMFC  uses  either  hydro¬ 
gen  or  hydrocarbons  as  the  fuel.  Maximum  power  density  can  be 
achieved  by  using  hydrogen  as  the  fuel.  However,  it  has  many 
barriers  and  issues  that  need  to  be  overcome,  such  as  storage,  deliv¬ 
ery,  international  standards,  safety  regulations,  etc.  At  present,  the 
application  of  hydrogen-feed  PEMFCs  remains  limited. 

The  PEMFC  can  also  use  hydrocarbon  fuels,  including  natural 
gas,  methanol,  liquefied  petroleum  gas  (LPG),  diesel,  gasoline,  etc. 
Storage  and  transportation  technologies,  safety  regulations,  and 
standards  for  these  chemicals  are  well  established  since  they  are 
used  in  our  daily  lives.  A  reformer  is  used  in  the  PEMFC  power  unit 
to  convert  hydrocarbons  into  35-75%  hydrogen-rich  gas  (so-called 
reformatted  gas).  The  reformatted  gas  is  then  fed  into  the  fuel  cell 
stack  for  power  generation.  PEMFC  applications  in  the  commer¬ 
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cialization  stage  include  the  combined  heat  and  power  (CHP)  unit. 
The  CHP  uses  the  hydrocarbon  fuels  mentioned  above.  It  produces 
sufficient  electricity  (1-5  kW)  and  heat  for  a  single  family  house. 

During  the  conversion  of  hydrocarbon  fuels  into  hydrogen-rich 
gas,  a  small  amount  of  carbon  monoxide  (CO)  is  produced.  Even 
a  trace  amount  of  CO  (ppm  level)  in  the  anode  fuel  stream  has  a 
detrimental  effect  on  the  PEMFC  output  power.  Most  PEMFCs  use 
platinum  (Pt)  as  the  electrode  catalyst.  CO  molecules  have  a  strong 
tendency  to  adsorb  at  the  active  sites  of  the  Pt  catalyst,  which  signif¬ 
icantly  reduces  its  catalytic  activity  and  hence  the  output  power  of 
the  fuel  cell.  In  the  long-term,  it  also  causes  electrode  degradation. 
This  is  commonly  recognized  as  CO  poisoning. 

Overcoming  the  CO-poisoning  problem  or  enhancing  the  CO  tol¬ 
erance  levels  are  very  important  technical  challenges  for  PEMFCs 
using  reformatted  gas.  Many  authors  have  reported  their  findings 
in  the  literature  and  have  proposed  possible  solutions  [1-13].  At 
present,  a  water  gas  shift  reactor  (WGS)  followed  by  a  preferen¬ 
tial  oxidation  reactor  (PROX)  is  used  to  reduce  the  amount  of  CO 
in  the  hydrogen-rich  gas  from  a  few  percent  to  ppm  [1-3].  A  CO- 
poisoned  electrode  can  be  regenerated  by  periodic  pulsed  oxidation 
[4].  A  fuel  cell  operating  at  high  temperature  and  pressure  has  been 
found  to  have  better  CO  tolerance  than  one  operating  at  low  tem¬ 
perature  and  pressure  [5].  The  CO-poisoning  effect  becomes  less 
severe  as  the  anode  flow  rate  is  decreased  [6].  Both  Pt-Ru  and 
Pt-Sn  catalysts  show  higher  CO  tolerance  levels  than  Pt  catalyst 
alone  [7,8].  A  composite  (two-layer)  anode  showed  better  CO  tol- 
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Nomenclature 

bc  ratio  between  reverse/forward  rate  constant  of  CO 

adsorption/desorption  (atm) 

bh  ratio  between  reverse/forward  rate  constant  of  H2 

adsorption/desorption  (atm) 

bn  ratio  between  reverse/forward  rate  constant  of  N2 

adsorption/desorption  (atm) 

Ecen  cell  output  voltage  (V) 

E0  open-circuit  voltage  (V) 

F  Faraday  constant  (96,485  C  mol-1) 

i  current  density  on  the  electrode  (mA  cm-2 ) 

iinit  initial  cell  output  current  density  before  CO  is  intro¬ 
duced  (mAcm-2) 

i'oc  exchange  current  density  of  the  cathode  reduction 
(mA  cm-2) 

i'ss  steady-state  cell  current  density  without  air  bleed¬ 

ing  (mAcm-2) 

issa  steady-state  cell  current  density  with  air  bleeding 
(mAcm-2) 

kc  forward  rate  constant  of  CO  adsorption/desorption 

(mAcm-2  atm-1) 

keh  forward  rate  constant  of  H2  electro-oxidation 
(mAcm-2  atm-1) 

kh  forward  rate  constant  of  H2  adsorption/desorption 

(mA  cm-2  atm-1) 

k0  forward  rate  constant  of  02  adsorption/desorption 

(mA  cm-2  atm-1) 

koc  forward  rate  constant  of  CO-O  oxidation 

(mA  cm-2  atm-1) 

koh  forward  rate  constant  of  H-0  oxidation 

(mAcm-2  atm-1) 

kn  forward  rate  constant  of  N2  adsorption/desorption 

(mAcm-2  atm-1) 

P  overall  gas  pressure  (atm) 

R  universal  gas  constant  (8.314 J  mol-1  K-1 ) 

Rohmic  internal  resistance  of  fuel  cell  (m£2  cm2 ) 
rair  recovery  ratio  of  cell  output  current  density  (%) 

T  temperature  (I<) 

t  time  (s) 

xc  molar  fraction  of  CO 

xh  molar  fraction  of  H2 

xn  molar  fraction  of  N2 

x0  molar  fraction  of  02 

Greek  letters 

oia  charge-transfer  coefficient  of  hydrogen  electro¬ 
oxidation 

ac  charge-transfer  coefficient  of  oxygen  electro¬ 
reduction 

r\a  overpotential  of  the  anode  (V) 

rjc  overpotential  of  the  cathode  (V) 

rjQ  overpotential  due  to  internal  resistance  (V) 

0C  fractional  coverage  of  CO 

0h  fractional  coverage  of  H2 

0n  fractional  coverage  of  N2 

0o  fractional  coverage  of  02 

p  molar  area  density  of  catalyst  sites  in  terms  of  elec¬ 

tric  charge  (mCcm-2) 


erance  than  a  traditional  electrode  [9].  Addition  of  liquid  hydrogen 
peroxide  (H202)  to  the  anode  fuel  stream  may  also  enhance  the 
CO  tolerance  level  [10].  Injection  of  a  small  amount  of  air  into  the 
anode  fuel  stream  can  reduce  the  CO  level  [11,12].  The  oxygen  in 


air  oxidizes  CO  to  form  C02.  This  method  is  commonly  known  as 
air  bleeding.  Air  bleeding  is  not  a  perfect  solution  for  CO  poison¬ 
ing.  It  causes  cell  degradation  in  the  long-term.  Inaba  et  al.  [13] 
found  that  the  oxygen  on  the  anode  side  not  only  reacts  with  CO, 
but  is  also  reduced  to  hydrogen  peroxide  (H202).  The  H202  attacks 
polymers  inside  the  electrode  and  the  proton-exchange  membrane. 
This  causes  degradation  of  cell  performance.  The  output  power  of  a 
CO-poisoned  fuel  cell  can  be  recovered  by  removing  CO  from  refor¬ 
matted  gas,  anode  air  bleeding,  using  CO-tolerant  catalysts  (Pt-Ru 
or  Pt-Sn),  and/or  by  employing  alternative  operating  conditions. 
Among  these  approaches,  anode  air  bleeding  is  the  most  effec¬ 
tive  method  since  it  is  simple,  efficient,  and  inexpensive.  Although 
the  benefits  of  air  bleeding  for  the  performance  of  CO-poisoned 
PEM  fuel  cells  are  well  known,  the  effects  on  long-term  durability 
and  recovery  ratio  of  cell  current  of  different  concentrations  of  air 
bleeding  are  not  clear. 

Hence,  the  objective  of  the  present  work  has  been  to  investigate 
the  dynamic  response  of  CO  poisoning  and  the  recovery  ratio  of  cell 
performance  at  different  concentrations  of  air  bleeding.  The  cho¬ 
sen  anode  fuel  stream  has  been  hydrogen  containing  53  ppm  CO. 
We  have  measured  polarization  curves  for  a  single  cell  at  various 
levels  of  air  bleeding.  The  dynamic  responses  of  output  current  at 
constant  cell  voltage  with  various  levels  of  air  bleeding  have  been 
measured.  A  mathematical  model  has  also  been  developed  to  cal¬ 
culate  cell  performance  at  various  CO  levels  and  the  recovery  ratios 
of  cell  current  density  with  various  amounts  of  air  bleeding.  In  addi¬ 
tion,  a  3000  h  long-term  durability  test  on  a  single  cell  under  anode 
air  bleeding  conditions  has  been  carried  out.  For  this  test,  a  simu¬ 
lated  reformatted  gas  (SRG)  was  used  and  the  degradation  rate  was 
measured. 

2.  Theoretical  model 

The  mechanism  of  CO  poisoning  and  the  method  for  enhanc¬ 
ing  the  CO-tolerance  level  have  also  been  studied  theoretically.  In 
general,  three  types  of  CO-poisoning  model  have  been  developed, 
namely  steady  state,  transient,  and  one-dimensional  transient 
models.  Springer  et  al.  [14]  proposed  an  electrode  kinetics  model 
and  calculated  the  steady-state  polarization  curves  under  different 
CO-poisoning  conditions.  Based  on  simplified  electrode  kinetics, 
a  dynamic  model  was  devised  whereby  the  fuel  cell  output  cur¬ 
rent  could  be  calculated  as  a  function  of  time  after  the  introduction 
of  CO  into  the  anode  fuel  stream  [15,16].  Many  one-dimensional 
dynamic  CO-poisoning  models  have  also  been  proposed  [17-21]. 
The  concentrations  of  various  species  and  other  properties  were 
calculated  as  a  function  of  time  across  the  electrodes  when  CO  was 
introduced  to  the  anode  or  air  bleeding  was  applied.  The  transient 
behavior  of  CO  along  the  flow  direction  in  a  single  flow  channel 
was  also  calculated  [22].  Fuel  cell  response  under  a  pulsed  volt¬ 
age  treatment  to  strip  adsorbed  CO  was  calculated  by  Farrell  et  al. 
[23].  These  dynamic  models  provide  the  dynamic  response  of  CO 
concentration  (xc)  and  other  variables  throughout  a  porous  anode. 
The  CO  adsorption  competes  with  hydrogen  adsorption  at  the  cat¬ 
alyst  sites.  Once  the  CO  is  adsorbed  at  the  active  sites,  it  can  only  be 
slowly  desorbed.  In  air  bleeding,  oxygen  reacts  with  adsorbed  CO 
to  form  C02,  and  as  a  result  the  CO  is  removed  at  a  much  faster  rate 
than  in  the  absence  of  oxygen.  Modeling  results  [14-23]  indicate 
that  the  cell  output  current  is  very  sensitive  to  trace  amounts  of  CO; 
it  decreases  as  xc  is  increased.  The  time  required  for  the  cell  current 
to  reach  its  steady  state  is  longer  for  low  xc  than  for  high  xc.  The  cell 
current  will  be  recovered  once  the  CO  is  removed  from  the  anode 
fuel  stream.  However,  the  recovery  rate  is  much  slower  than  that 
when  air  is  introduced  into  the  fuel  stream. 

The  present  model  is  similar  to  those  proposed  by  Springer  et 
al.  [14],  Bhatia  and  Wang  [15],  and  Zamel  and  Li  [17].  Since  opera¬ 
tion  of  CHP  with  air  bleeding  condition  would  be  more  practical 
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in  real  application,  modifications  of  the  model  proposed  in  Ref. 
[17]  were  made  to  fit  the  air  bleeding  operation  condition  for  con¬ 
sideration  of  the  nitrogen  adsorption/desorption  on  the  active  site 
of  the  catalyst.  Mass-transport  behavior  is  neglected  and  only  the 
electrode  reactions  are  considered.  In  applying  this  model,  the  fol¬ 
lowing  assumptions  are  made: 

(a)  The  effects  of  the  flow  channel  on  the  mass-transfer  rate  are 
negligible.  Species  concentrations  are  uniform  throughout  the 
cell. 

(b)  The  diffusion  processes  of  species  inside  the  electrodes  are 
neglected.  The  species  concentrations  are  uniform  throughout 
the  electrode. 

(c)  Oxygen  electro-reduction  at  the  cathode  is  an  irreversible  reac¬ 
tion  and  the  Tafel  equation  is  used.  Oxygen  oxidation  and 
electro-reduction  at  the  anode  are  neglected. 

(d)  Hydrogen  electrochemical  oxidation/reduction  on  the  anode 
side  is  a  reversible  reaction  and  the  Butler-Volmer  equation 
is  used.  The  chemical  oxidation  of  hydrogen  with  oxygen  at  the 
anode  is  an  irreversible  reaction  but  its  rate  is  negligible  com¬ 
pared  with  that  of  the  electrochemical  oxidation  of  hydrogen. 

(e)  The  oxidation  of  CO  at  the  anode  is  an  irreversible  reaction  and 
the  electro-oxidation  of  CO  is  neglected  in  our  model. 

When  hydrogen  containing  a  trace  amount  of  CO  is  intro¬ 
duced,  several  reactions  take  place  at  the  anode.  The  adsorp¬ 
tion/desorption  and  electro-oxidation  of  hydrogen  may  be 
expressed  by  the  Tafel-Volmer  mechanism.  Here,  M  represents  free 
catalyst  sites  and  M-H  represents  a  hydrogen  atom  adsorbed  on  the 
catalyst  M. 

hydrogen  adsorption/desorption  :  H2  +  2M  2(M-H)  (1) 

hydrogen  electrochemical  oxidation/reduction  : 

(M-H)  <£>  H+  +  e-  +  M  (2) 

The  adsorption/desorption  and  electro-oxidation  of  CO  are 
expressed  by  the  following  reaction  pair  mechanism. 

CO  adsorption/desorption  :  CO  +  M  M-CO  (3) 

CO  electro-oxidation  :  (M-CO)  +  H20  -*  M  +  C02  +  2H+  +  2e“  (4) 

Introducing  oxygen  or  air  into  the  anode  fuel  stream  will  reduce 
the  poisoning  effect  of  CO  on  the  anode  catalyst  layer.  The  02  may 
react  with  adsorbed  CO  to  form  C02  or  with  adsorbed  H  atoms  to 
form  H20.  These  reactions  are  described  by  Eqs.  (5)-(7). 

oxygen  adsorption  :  02  +  2M  ->  2(M-0)  (5) 

CO  oxidation  :  M-0  +  M-CO  -*  2M  +  C02  (6) 

hydrogen  oxidation  :  M-0  +  2(M-H)  ->  3M  +  H20  (7) 

When  air  is  introduced  into  the  anode  fuel  stream  instead  of 
pure  oxygen,  the  adsorption  of  nitrogen  also  needs  to  be  consid¬ 
ered.  Although  the  nitrogen  in  air  is  chemically  inert,  it  adsorbs 
on  the  catalyst  surface  and  occupies  the  catalyst  active  sites.  The 
adsorption/desorption  of  N2  is  described  by  Eq.  (8). 

nitrogen  adsorption/desorption  :  N2  +  2M  2(N-M)  (8) 

The  rates  of  the  above  equations  are  dependent  on  the  molar 
fractions  of  H2  ( xh ),  CO  (xc),  02  (x0),  and  N2  (xn);  the  surface 
fractional  coverages  of  H2  ( 0h),  CO  ( 0C ),  02  ( 0o ),  and  N2  (0n); 
and  the  current  density  on  the  electrode  (i).  Eqs.  (9)-(12)  rep¬ 
resent  the  species  balances  of  H2  {0h),  CO  ( 0C ),  02  ( 0o ),  and  N2 
{0n),  respectively.  Here,  k ^  and  bh  are  the  rate  constants  of  H2 
adsorption/desorption;  kc  and  bc  are  the  rate  constants  of  CO 


adsorption/desorption;  koc  is  the  rate  constant  of  CO-O  oxidation; 
k0  is  the  rate  constant  of  02  adsorption;  koh  is  the  rate  constant  of 
H-0  oxidation;  and  kn  and  bn  are  the  rate  constants  of  N2  adsorp¬ 
tion/desorption.  Thus,  kh,  kc,  ko,  koc ,  koh,  and  kn  are  the  forward  rate 
constants,  while  bh,  bc,  and  bn  are  the  ratios  of  the  rate  constants 
of  the  reverse  and  forward  reactions.  P  is  the  overall  gas  pressure 
and  p  is  the  molar  area  density  of  catalyst  sites  in  terms  of  electric 
charge. 

P<W  =  khXhP ^  ~9^~9c~9°~  9n">  ~  bhklA  ~  i  (9) 

c\0 

p-^r  =  kcxcP(  1  -6h-6c-60-6„)- bckcOc  -  koc6o0c  (10) 

AQ 

—  /<0x0P(l  —  Oh  —  0C  —  0o  —  0n)  —  kofrO^Oo  —  kocOcOo  (11) 

An 

P—fa  —  knxnP{  1  —  0h  —  0C  —  0o  —  0n)  —  bnkn0„  (12) 

The  cell  output  voltage  ( Eceu )  represents  the  balance  of  the 
open-circuit  voltage  (E0),  the  overpotential  of  the  anode  ( rja ),  the 
overpotential  of  the  cathode  {be),  and  the  overpotential  due  to 
internal  resistance  ( r /^).  These  may  be  calculated  by  the  Eqs. 
(13)-(16).  The  hydrogen  electro-oxidation  rate  is  described  by  the 
Butler-Volmer  equation  with  the  oxidation  and  reduction  transfer 
coefficients  being  equal.  As  mentioned  above,  the  electro-oxidation 
of  CO  is  neglected  in  our  model.  Here,  ioc  is  the  exchange  current 
density  of  the  cathode  reduction,  Rohrrnc  is  the  internal  resistance  of 
the  cell,  and  R,  T,  F,  and  a  are  the  universal  gas  constant,  the  tem¬ 
perature,  the  Faraday  constant,  and  the  charge-transfer  coefficient, 
respectively;  k^  is  the  rate  constant  of  the  hydrogen  electro¬ 
oxidation  reaction. 

Ecell  =  Eo  ~  0a  ~  be  ~  bQ 

c) 

«LinW  '  ) 

aaF  \2keh0h) 

bn  =  iRohmic 

The  numerical  solution  is  obtained  by  means  of  a  program  writ¬ 
ten  in  Fortran  language.  The  procedure  is  given  in  the  following. 
A  finite  difference  method  is  used  to  solve  the  differential  Eqs. 
(9)-(12).  The  parameters  in  the  Eqs.  (14)-(16),  ac,  aa,  i0c ,  keh,  and 
Rohmic* are  calculated  from  the  best  fitting  of  the  polarization  curves 
(Figs.  5  and  6).  The  values  of  all  of  the  uk”  and  “b”  parameters  in 
the  Eqs.  (9)-(12)  are  calculated  from  the  best  fitting  of  the  cur¬ 
rent  density  response  curves.  Surface  fractional  coverages  {0h,  0C, 
0o,  0n)  are  calculated  as  a  function  of  time  from  the  Eqs.  (9)-(12). 
The  value  of  0h  is  then  used  to  calculate  the  output  current  den¬ 
sity  (i)  under  conditions  of  constant  cell  voltage  (Ece/z)  from  the 
Eqs.  (13)-(16).  The  calculated  current  density  is  then  used  to  solve 
the  Eqs.  (9)-(12).  Several  iterations  are  required  before  the  Eqs. 
(9)-(16)  reach  convergence.  These  variables  (0h,  0C,  0o,  0n,  and  i) 
are  solved  as  a  function  of  time  (t). 

3.  Experimental 

A  single  cell  was  used  for  all  of  the  experiments  reported  herein. 
The  specifications  of  this  testing  cell  are  listed  in  Table  1 .  The  mem¬ 
brane  electrode  assembly  (MEA)  used  Gore  PRIMEA®  5621  with 
an  electrode  active  area  of  25  cm2  (5  cm  x  5  cm).  Pure  hydrogen 
and  hydrogen  pre-mixed  with  53  ppm  CO  were  used  as  fuels  for 
the  anode  in  our  experiments.  Air  and  oxygen  were  used  as  cath¬ 
ode  feeds.  Nitrogen  was  used  for  purging  the  system.  Fig.  1  shows 
the  piping  and  electrical  connections  of  the  experimental  set-up. 
Gas  flow  rates  were  controlled  by  the  mass  flow  controller  (Protec 


(13) 

(14) 

(15) 

(16) 
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Table  1 

Component  items  and  specifications  of  test  cell. 


Component  items 

Specifications 

MEA  (CCM) 

Gore  PRIMEA®  5621 

Membrane 

35  |xm/composite  membrane 

Active  area 

25  cm2 

Loading  of  catalyst 

0.45  mg  cm-2  Pt-Ru  (anode) 

0.6  mg  cm-2  Pt  (cathode) 

GDL  (carbon  cloth) 

400  |jim/CARBEL®  CL 

Flow  field  plate  (graphite) 

POCO 

Configuration  of  flow  channels 

65  cm/serpentine 

No.  of  flow  channels 

Two 

Flow  channel  width/depth/interval 

1  mm/1  mm/1  mm 

Instruments,  Inc.,  model  PC-540).  All  gases  were  humidified  prior 
to  entering  the  cell  by  bubbling  them  through  a  water  tank.  Their 
humidity  was  controlled  by  adjusting  the  temperature  of  the  water 
tank.  Water  in  the  exhaust  gases  was  separated  by  a  gas/liquid 
separator.  During  the  air  bleeding  experiment,  air  was  mixed  into 
the  anode  fuel  stream.  The  amount  of  air  bleeding  was  adjusted 
by  controlling  the  air  flow  rate.  The  cell  was  heated  by  means  of 
two  heating  rods  inserted  into  graphite  plates  on  either  side  of  the 
testing  cell.  Its  temperature  was  regulated  by  a  temperature  con¬ 
troller  (YSC,  model  GX-36).  Cell  output  voltage  and  current  were 
measured  and  controlled  by  an  electronic  load  (Hewlett-Packard 
Co.,  model  6060B). 

In  order  for  the  cell  to  reach  a  steady  state  quickly,  a  series  of 
activation  steps  was  applied  after  its  assembly.  During  the  cell  acti¬ 
vation,  various  current  densities  ranging  from  100  to  600  mAcm-2 
were  applied  for  20-30  h.  Once  the  cell  reached  a  steady  state, 
experiments  were  started  under  the  testing  conditions  listed  in 
Table  2. 

4.  Results  and  discussion 

When  the  CO-contaminated  hydrogen  was  introduced  into  the 
anode,  the  cell  performance  was  not  affected  at  first.  This  may  be 
attributed  to  the  fact  that  the  diffusion  rate  of  hydrogen  is  faster 
than  that  of  CO.  However,  once  the  CO  had  diffused  through  the 
gas  diffusion  layer  (GDL)  and  had  reached  the  catalyst  layer,  the 
cell  performance  quickly  diminished.  The  CO  molecules  competed 
with  hydrogen  molecules  for  sites  on  the  catalyst  surface.  The  CO 
was  adsorbed  on  the  catalyst  surface  and  hence  the  catalyst  lost  its 
activity. 


Table  2 

Test  conditions  of  PEM  fuel  cell. 


Items 

Test  conditions 

Cone,  of  carbon  monoxide 

53  ppm 

Cone,  of  anode  air  bleeding 

2%,  3%,  4%,  5%,  8%,  10%,  15%,  20%  air 

Cell  operation  temp. 

65  °C 

Cell  operation  voltage 

0.6  V 

H2/02/air  stoich.  ratio 

1.5  X/2.0  X/2.0X 

H2/02/air  humidification  temp. 

80°C/70°C/70°C 

H2,  02,  air  pressure 

Ambient  pressure 

Simulated  reformatted  gas  (SRG) 

45%  H2, 17%  C02,  3%  CH4, 

25  ppm  CO,  1%  02,  N2  (balance  gas) 

4. 1.  Effects  of  CO  in  the  hydrogen  stream  on  cell  performance 

Fig.  2  shows  the  cell  current  density  responses  at  0.6  V  when  the 
anode  fuel  stream  was  changed  from  pure  H2  to  H2/CO  and  then 
from  H2  /CO  back  to  pure  H2 .  Two  sets  of  data  were  obtained.  One  set 
was  obtained  for  a  cathode  with  an  oxygen  stream  and  a  further  set 
was  obtained  for  a  cathode  with  an  air  stream.  The  concentration 
of  CO  in  the  hydrogen  was  around  53  ppm.  At  t  =  1 5  min,  H2/CO  was 
introduced  into  the  anode,  and  as  a  result  the  cell  output  current 
density  sharply  decreased  to  a  lower  value  over  20  min  (t = 35  min). 
For  the  oxygen  stream  cathode,  the  current  density  decreased  by 
82%,  dropping  from  1900  to  340  mAcm-2.  The  degradation  rate  of 
current  density  was  about  78  mA  cm-2  min-1 .  For  the  air  feed  cath¬ 
ode,  the  current  density  decreased  by  80%,  dropping  from  1050  to 
220  mA cm-2.  The  degradation  rate  was  about  42  mAcm-2  min-1. 
Although  the  CO  concentration  was  only  53  ppm,  this  contami¬ 
nant  level  quickly  poisoned  the  catalyst  and  thus  had  a  detrimental 
effect  on  the  cell  performance.  After  30  min  (t  =  45min),  the  cur¬ 
rent  densities  reached  steady  values  of  290 mAcm-2  for  oxygen 
and  210 mAcm-2  for  air,  this  steady  state  corresponding  to  an 
equilibrium  of  CO  absorption  and  desorption.  The  cell  output  cur¬ 
rent  density  gradually  increased  when  the  anode  feed  stream  was 
changed  from  H2/CO  back  to  pure  H2  (t=  52  min).  The  recovery  rate 
was  slow,  with  about  60  min  being  required  for  the  current  density 
to  return  to  90%  of  its  original  value.  This  suggests  that  using  Pt-Ru 
as  the  anode  catalyst  does  not  provide  a  significant  improvement  of 
CO  tolerance.  However  it  may  be  improved  to  with  different  oper¬ 
ating  conditions  (higher  operating  temperature,  etc.).  In  our  study, 
the  cell  performance  could  not  be  completely  recovered  from  the 
effects  of  CO  poisoning  by  simply  replacing  Pt  with  Pt-Ru  at  the 
operating  temperature  of  65  °C. 


Fig.  1.  Piping  and  electrical  connections  of  the  experimental  set-up. 
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Fig.  2.  Effects  of  CO  on  output  current.  This  figure  plots  dynamic  response  of  cell  current  density  versus  time.  Hydrogen  containing  53  ppm  CO  gas  was  introduced  at  t  =  1 5  min. 
Pure  hydrogen  was  introduced  at  t=  52  min.  One  curve  is  for  the  cathode  with  pure  O2  feed  and  the  other  curve  is  for  air  feed. 


Fig.  3.  Effects  of  air  bleeding  on  the  output  current  density  of  a  CO-poisoned  single  cell.  This  figure  plots  dynamic  response  of  current  density  at  0.6  V  versus  time.  Hydrogen 
containing  53  ppm  CO  gas  was  introduced  at  t= 0  min.  Air  at  different  concentrations  was  introduced  into  the  anode  stream  at  different  times,  as  indicated  in  the  figure.  The 
cathode  fuel  stream  was  pure  oxygen. 


4.2.  Effects  of  anode  air  bleeding  on  the  cell  performance 

Figs.  3  and  4  show  the  cell  output  current  densities  at  0.6  V 
and  various  levels  of  anode  air  bleeding  with  02-feed  and  air-feed 
cathodes,  respectively.  The  hydrogen  of  the  anode  feed  contained 
53  ppm  CO  and  the  anode  air  bleeding  levels  were  varied  from  2% 


to  30%  air.  As  can  be  seen  in  Fig.  3,  when  the  anode  was  fed  with 
FI2/CO,  within  35  min  the  current  density  decreased  from  1690  to 
155  mAcm-2.  However,  the  CO-poisoning  effect  could  be  relieved 
by  injecting  a  small  amount  of  air  into  the  anode  fuel  stream.  The 
current  density  then  quickly  increased.  This  was  because  the  oxy¬ 
gen  in  the  air  oxidized  the  CO  adsorbed  on  the  catalyst  surface 


Fig.  4.  Effects  of  air  bleeding  on  the  output  current  density  of  a  CO-poisoned  single  cell.  This  figure  plots  dynamic  response  of  current  density  at  0.6  V  versus  time.  Hydrogen 
containing  53  ppm  CO  gas  was  introduced  at  t= 0  min.  Air  at  different  concentrations  was  introduced  into  the  anode  fuel  stream  at  different  times,  as  indicated  in  the  figure. 
The  cathode  fuel  stream  was  air. 
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Fig.  5.  Plots  of  cell  voltage  versus  current  density  under  various  anode  air  bleeding  conditions.  The  anode  fuel  stream  consisted  of  hydrogen  containing  53  ppm  CO  and 
different  concentrations  of  air.  The  cathode  fuel  stream  was  oxygen. 


to  C02.  Once  the  CO  had  been  removed,  the  catalyst  sites  were 
reactivated  and  available  for  hydrogen  oxidation  once  more. 

When  the  anode  feed  was  injected  with  2%  air,  the  current 
density  quickly  increased  from  155  to  740  mA  cm-2.  The  current 
density  increased  to  1480  mA  cm-2  when  4%  air  was  injected  into 
the  anode  stream  and  reached  1540  mA  cm-2  when  5%  air  was 
injected.  However,  the  improvement  of  current  density  was  grad¬ 
ually  diminished  when  the  amount  of  air  injected  was  increased 
from  5%  (about  1%  oxygen)  to  15%  (about  3%  oxygen).  The  cur¬ 
rent  density  was  seen  to  decrease  when  the  amount  of  air  injected 
exceeded  15%.  This  may  be  attributed  to  the  fact  that  injection  of 
a  large  amount  of  air  into  the  anode  stream  dilutes  the  hydrogen 
concentration  and  part  of  the  hydrogen  may  also  be  oxidized  by  the 
oxygen  in  the  air.  Similar  results  were  obtained  with  the  air-feed 
cathode,  as  shown  in  Fig.  4. 

4.3.  Effects  of  air  bleeding  on  polarization  curves 

The  polarization  curve  (current-cell  voltage  curve)  of  a  testing 
cell  can  be  obtained  in  either  current-controlled  mode  or  voltage- 
controlled  mode.  We  used  voltage-controlled  mode.  During  the 
measurements,  the  cell  voltage  was  scanned  from  OCV  (open- 
circuit  voltage)  to  a  fixed  voltage  and  the  current  was  recorded. 
Figs.  5  and  6  show  the  polarization  curves  obtained  with  different 
amounts  of  anode  air  bleeding  with  oxygen-feed  and  air-feed  cath¬ 
odes,  respectively.  The  testing  cell  showed  superior  performance 
when  it  was  operated  with  H2/02.  The  cell  performance  was  signif¬ 
icantly  degraded  when  the  anode  feed  contained  a  trace  amount  of 
CO  (53  ppm).  At  a  cell  voltage  of  0.6  V,  the  output  current  density 


was  reduced  from  1693  to  152  mA  cm-2  when  pure  H2  feed  was 
changed  to  H2  containing  53  ppm  CO.  However,  the  cell  current 
density  could  be  recovered  by  injecting  a  small  amount  of  air  into 
the  anode  stream,  as  shown  in  Fig.  5.  The  benefits  of  anode  air  bleed¬ 
ing  were  obvious.  At  a  cell  voltage  of  0.6  V,  the  current  density  was 
recovered  from  152  to  1000, 1290, 1390,  and  1410  mA cm-2  when 
2%,  3%,  4%,  and  5%  air,  respectively,  was  introduced  into  the  anode 
feed.  The  amount  of  recovery  was  gradually  diminished  when  the 
air  concentration  was  further  increased  from  5%  to  1 5%.  The  current 
density  was  seen  to  decrease  when  the  air  concentration  exceeded 
1 5%  (3%  oxygen).  Similar  results  and  conclusions  were  also  obtained 
for  the  air-feed  cathode,  as  shown  in  Fig.  6. 

4.4.  Modeling  results 

Table  3  lists  the  parameter  values  used  in  the  modeling.  These 
values  are  manually  fitted  experimental  data  of  voltage-current 
density  curves  and  current  density  responses  at  different  levels  of 
air  bleeding.  The  modeling  results  are  compared  with  the  exper¬ 
imental  data  in  Figs.  2  and  7.  The  curves  in  these  figures  are  the 
modeling  results.  The  modeling  results  are  seen  to  be  in  reasonable 
agreement  with  the  experimental  data.  The  current  density  at  a  cell 
voltage  of  0.6  V  is  plotted  as  a  function  of  time  in  Fig.  7.  The  experi¬ 
ment  started  with  pure  hydrogen,  which  was  switched  to  hydrogen 
containing  53  ppm  CO  at  t=  1.5  min.  Different  concentrations  of  air 
were  introduced  into  the  anode  fuel  stream  at  t= 27.5  min.  The  cath¬ 
ode  was  fed  with  oxygen  during  the  entire  experiment.  For  clarity, 
the  results  of  air  bleeding  at  concentrations  of  8%  and  15%  are  not 
included  in  this  figure. 


Fig.  6.  Plots  of  cell  voltage  versus  current  density  under  various  anode  air  bleeding  conditions.  The  anode  fuel  stream  consisted  of  hydrogen  containing  53  ppm  CO  and 
different  concentrations  of  air.  The  cathode  fuel  stream  was  air. 
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Fig.  7.  Comparison  between  experimental  data  and  the  modeling  results.  The  plots  show  the  dynamic  response  of  current  density  at  a  cell  voltage  of  0.6  V  versus  time  for  a 
CO-poisoned  cell  under  different  air  bleeding  conditions  (2%,  3%,  5%,  20%  air).  The  anode  fuel  stream  consisted  of  hydrogen  containing  53  ppm  of  CO.  The  cathode  fuel  stream 
was  oxygen. 
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Table  3 

Parameter  values  used  in  the  modeling. 


Parameters 

Value 

P,  atm 

1 

T,  K 

338 

p,  mC  cm  2 

100 

E0,  V 

1.24 

keh,  mAcm-2  atm-1 

0.54 

kh,  mAcm-2  atm-1 

200 

bh,  atm 

0.062 

kc,  mAcm-2  atm-1 

300 

k0,  mAcm-2  atm-1 

3.9 

koc,  mAcm-2  atm-1 

100 

koh,  mA  cm-2  atm-1 

600 

kn,  mAcm-2  atm-1 

0.001 

bn,  atm 

0.5 

OLa,Oic 

0.36 

Rohmici  rn£2  cm2 

100 

ioc,  mAcm-2 

1.5  x  10-10 

bc,  atm 

1.0  x  10-7 

Using  the  parameter  values  listed  in  Table  3,  the  effects  of  CO 
concentration  on  the  dynamic  response  of  cell  output  current  den¬ 
sity  are  plotted  in  Fig.  8.  The  current  density  decreased  sharply 
when  an  H2  feed  stream  containing  CO  was  introduced,  eventu¬ 
ally  reaching  a  steady-state  current  density  (iss).  The  time  required 
to  reach  a  steady  state  (tSs)  was  shorter  for  a  high  CO  concentra¬ 
tion  than  for  a  low  CO  concentration.  For  example,  tss  was  greater 


than  36  min  at  a  CO  level  of  10  ppm  but  less  than  8  min  at  a  CO 
level  of  100  ppm.  The  steady-state  current  density  (iss)  was  also 
influenced  by  the  CO  concentration.  The  iss  was  lower  at  a  high 
CO  concentration  than  at  a  low  CO  concentration.  The  iss  decreased 
from  1 780  to  780  mA  cm-2  when  1 0  ppm  CO  was  introduced.  FIow- 
ever,  the  iss  remained  at  140  mA  cm-2  when  the  CO  concentration 
was  increased  from  90  to  100  ppm.  Thus,  iss  is  more  sensitive  to 
changes  of  CO  concentration  at  low  levels  of  CO. 

The  steady-state  current  density  iss  is  plotted  as  a  function  of 
air  bleeding  concentration  for  different  CO  concentrations  in  Fig.  9. 
In  the  low  air  bleeding  region  (0-4%),  it  can  be  seen  that  iss  signif¬ 
icantly  increased  as  the  air  bleeding  concentration  was  increased. 
In  the  high  air  bleeding  region  (>6%),  only  a  minor  improvement 
of  iss  can  be  seen  as  the  air  bleeding  concentration  was  increased. 
This  suggests  that  air  bleeding  at  a  low  air  concentration  is  more 
effective  than  that  at  a  high  air  concentration.  At  a  high  air  con¬ 
centration,  nitrogen  may  dilute  the  concentration  of  hydrogen 
and  part  of  the  hydrogen  may  also  be  oxidized  by  the  oxygen  in 
the  air. 

An  alternative  view  of  the  effect  of  air  bleeding  on  the  cell  output 
current  was  obtained  by  plotting  recovery  ratio  (rair)  as  a  function 
of  air  bleeding  concentration  (Fig.  1 0).  The  recovery  ratio  is  defined 
as: 


Fig.  8.  Dynamic  responses  of  current  density  at  0.6  V  after  introducing  hydrogen  containing  different  levels  of  CO  (from  0  to  100  ppm)  at  t=3  min.  The  cathode  fuel  stream 
was  oxygen. 
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Fig.  9.  Effects  of  air  bleeding  levels  on  the  steady-state  current  density,  iss,  at  0.6  V.  Calculation  conditions  started  with  pure  hydrogen,  then  hydrogen  containing  different 
levels  of  CO  (from  0  to  100  ppm)  was  introduced  at  t=  1.5  min  and  air  was  injected  into  the  anode  fuel  stream  at  27.5  min.  The  cathode  fuel  stream  was  oxygen. 


Fig.  10.  Effects  of  air  bleeding  level  on  the  recovery  ratio  of  current  density,  rair,  at  0.6  V.  Calculation  conditions  started  with  pure  hydrogen,  then  hydrogen  containing 
different  levels  of  CO  (from  0  to  100  ppm)  was  introduced  at  t=  1.5  min  and  air  was  injected  into  the  anode  stream  at  27.5  min.  The  cathode  fuel  stream  was  oxygen. 


where  iinit  is  the  initial  cell  output  current  density  before  CO  is  intro¬ 
duced,  iss  is  the  steady-state  current  density  without  air  bleeding 
(i.e.,  at  an  air  concentration  in  the  anode  feed  of  zero),  and  issa  is 
the  steady-state  current  density  with  air  bleeding.  Fig.  10  shows 
the  recovery  ratio  curves  obtained  at  a  cell  voltage  of  0.6  V.  At  low 
CO  concentration  (10  ppm),  the  recovery  ratio  reached  90%  with 


6.7%  air  bleeding.  At  high  CO  concentration  (100  ppm),  it  proved 
almost  impossible  to  reach  a  90%  recovery  ratio.  As  is  evident  from 
Fig.  10,  such  a  plot  can  be  used  to  estimate  the  amount  of  air 
bleeding  needed  in  order  to  maintain  a  constant  recovery  ratio.  For 
instance,  to  maintain  the  recovery  ratio  at  80%,  different  amounts 
of  air  bleeding  are  needed  for  various  CO  levels.  The  amount  of 


Fig.  11.  Plots  of  air  bleeding  needed  to  reach  80%  recovery  ratio  versus  CO  concentration  at  different  cell  output  voltages.  The  calculation  conditions  were  the  same  as  in 
Fig.  10. 
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Fig.  12.  Long-term  durability  test  of  the  PEMFC.  The  test  was  conducted  at  a  constant  current  density  of  300  mAcm-2.  The  anode  used  simulated  reformatted  gas  (SRG)  with 
a  composition  of  45%  H2, 17%  C02,  3%  CH4,  25  ppm  CO,  1%  02,  and  34%  N2.  The  cathode  used  air.  The  air  bleeding  level  was  1%  02  (~5%  air). 


air  bleeding  needed  can  be  read  from  Fig.  10.  For  a  recovery  ratio  of 
80%,  the  amounts  of  air  bleeding  needed  are  2.3%,  4.9%,  and  1 3.3%  at 
10  ppm,  30  ppm,  and  100  ppm  CO,  respectively.  For  practical  pur¬ 
poses,  the  amount  of  air  bleeding  needed  to  reach  80%  recovery 
ratio  is  plotted  as  a  function  of  CO  concentration  in  Fig.  1 1.  At  con¬ 
stant  cell  voltage,  the  amount  of  air  bleeding  needed  to  reach  80% 
recovery  ratio  is  linearly  proportional  to  the  CO  concentration.  At  a 
given  CO  concentration,  the  amount  of  air  bleeding  needed  to  reach 
80%  recovery  ratio  is  larger  at  higher  cell  voltages.  For  instance,  at 
30  ppm  CO,  the  amount  of  air  bleeding  needed  increased  from  3.5% 
to  7.3%  when  the  cell  voltage  was  increased  from  0.5  to  0.8  V. 

4.5.  Effects  of  air  bleeding  on  the  long-term  durability  of  a  PEMFC 

From  the  above  experimental  results,  it  was  concluded  that  5% 
air  bleeding  was  the  optimal  level  with  53  ppm  CO  in  the  anode  fuel. 
Each  of  the  aforementioned  experiments  was  carried  out  within  a 
few  hours.  The  long-term  stability  of  the  single  cell  under  air  bleed¬ 
ing  conditions  was  unknown.  To  verify  the  stability  of  the  single  cell 
under  air  bleeding,  a  long-term  test  was  subsequently  performed. 

The  hydrogen  concentration  in  reformatted  gas  is  much  lower 
compared  to  pure  hydrogen  and  this  anode  feed  contains  other 
gases  such  as  C02,  CH4,  H20,  and  trace  amounts  of  CO.  These  gases 
affect  the  cell  performance  and  the  stability  of  the  key  components. 
Therefore,  a  long-term  durability  test  is  very  important  for  a  fuel 
cell  power  system  with  reformatted  gas  as  the  input.  In  assessing 
the  durability  of  the  single  cell  with  air  bleeding,  as  the  anode  inlet 
gas  we  used  simulated  reformatted  gas  (SRG)  and  1%  oxygen,  which 
is  equivalent  to  5%  air. 

Fig.  1 2  shows  the  durability  testing  result  of  a  single  cell  (25  cm2 ) 
at  constant  current  density  (300 mAcm-2)  over  3000 h.  SRG  was 
fed  to  the  anode.  The  composition  of  this  SRG  was  45%  H2, 1 7%  C02, 
3%  CH4,  25  ppm  CO,  and  1%  02,  with  the  balance  being  N2.  Air  was 
fed  to  the  cathode.  The  open-circuit  voltage  (OCV)  of  the  cell  was 
around  0.94  V.  At  a  current  density  of  300 mAcm-2,  the  initial  cell 
output  voltage  was  0.69  V  and  this  was  maintained  in  the  range 
between  0.69  and  0.64  V.  The  voltage  decay  rate  was  small  (about 
3%).  This  suggested  that  the  catalyst  was  not  seriously  poisoned 
by  the  CO  under  the  air  bleeding  conditions.  Injection  of  a  small 
amount  of  oxygen  (air  bleeding)  is  an  effective  method  for  reducing 
CO  poisoning  and  thereby  extending  fuel  cell  operating  duration. 

5.  Conclusions 

A  single  cell  with  anode  fuel  containing  53  ppm  CO  has  been 
used  to  examine  the  effects  of  air  bleeding  on  the  cell  perfor¬ 


mance.  Our  experimental  results  suggest  that  even  CO-tolerant 
Pt-Ru  catalyst  was  used  as  the  anode  under  our  operating  con¬ 
ditions,  about  80%  of  the  output  current  was  lost  within  20  min. 
Nevertheless,  with  air  bleeding  with  5%  air  (~1%  02)  at  the  anode 
side,  90%  of  the  current  was  recovered  within  1  min.  A  transient 
model  has  been  used  to  model  the  dynamic  responses  of  output 
current  under  conditions  of  CO  poisoning  and  with  air  bleeding. 
Reasonable  agreement  between  the  experimental  data  and  model¬ 
ing  results  has  been  obtained.  This  model  can  be  used  to  estimate 
the  degree  of  current  reduction  due  to  different  levels  of  CO  poison¬ 
ing  and  to  evaluate  the  amount  of  air  bleeding  needed  for  a  given 
recovery  ratio  of  output  current  density.  To  verify  the  stability  of 
a  cell  under  application  of  the  air  bleeding  technique,  a  long-term 
durability  test  has  been  conducted  using  simulated  reformatted  gas 
(SRG,  containing  45%  H2,  17%  C02,  3%  CH4,  and  25  ppm  CO).  Dur¬ 
ing  the  entire  testing  period,  5%  air  (~1%  02)  was  injected  into  the 
anode  fuel  stream.  The  cell  voltage  degradation  was  less  than  3%, 
or  0.64  x  1 0-5  V  h-1 ,  after  testing  for  more  than  3000  h. 
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